Mobile genetic elements (MGEs) encode type IV secretion systems (T4SSs) known as conjugation machines for their transmission between bacterial cells. Conjugation machines are composed of an envelope-spanning translocation channel, and those functioning in Gram-negative species additionally elaborate an extracellular pilus to initiate donorrecipient cell contacts. We report that pKM101, a self-transmissible MGE functioning in the Enterobacteriaceae, has evolved a second target cell attachment mechanism. Two pKM101-encoded proteins, the pilus-tip adhesin TraC and a protein termed Pep, are exported to the cell surface where they interact and also form higher order complexes appearing as distinct foci or patches around the cell envelope. Surface-displayed TraC and Pep are required for an efficient conjugative transfer, 'extracellular complementation' potentially involving intercellular protein transfer, and activation of a Pseudomonas aeruginosa type VI secretion system. Both proteins are also required for bacteriophage PRD1 infection. TraC and Pep are exported across the outer membrane by a mechanism potentially involving the β-barrel assembly machinery. The pKM101 T4SS, thus, deploys alternative routing pathways for the delivery of TraC to the pilus tip or both TraC and Pep to the cell surface. We propose that T4SS-encoded, pilus-independent attachment mechanisms maximize the probability of MGE propagation and might be widespread among this translocation superfamily.
Introduction
The type IV secretion systems (T4SSs) are specialized nanomachines deployed by many bacterial species for the intercellular transfer of DNA or protein macromolecules (Christie, 2016; Grohmann et al., 2018) . Members of one large T4SS subfamily, designated as conjugation systems, mediate the propagation of mobile genetic elements (MGEs) and their collection of associated antibiotic resistance genes, virulence determinants and other fitness traits among bacterial populations (de la Cruz et al., 2010) . Those of a second large subfamily evolved from ancestral conjugation systems for the specialized purpose of delivering effector proteins into eukaryotic target cells to aid in infection processes (Ben-Tekaya et al., 2013; Gonzalez-Rivera et al., 2016; Sherwood and Roy, 2016) . The T4SSs translocate their macromolecular cargoes to bacterial or eukaryotic target cells by a mechanism generally requiring direct cell-to-cell contact. The conjugation machines functioning in Gram-negative bacterial donor cells initiate contacts with potential recipient cells through elaboration of extracellular pili, which can extend up to 20 microns from the cell surface (Arutyunov and Frost, 2013) . Then, through dynamic rounds of extension and retraction or other mechanisms that are presently not well understood (Samuels et al., 2000; Clarke et al., 2008) , donor cells form SDS-sensitive and then detergent-resistant mating junctions with recipient cells. Direct cellcell contacts activate the T4SS channel for the transfer of DNA substrates whose lengths potentially encompass entire bacterial chromosomes (Hayes, 1953; Wollman et al., 1956; Johnson et al., 1964) .
Recent studies have defined channel architectures and key steps in biogenesis pathways for the translocation channel and pilus elaborated by phylogenetically closely related Escherichia coli conjugative plasmids (R388, pKM101) and the Agrobacterium tumefaciens VirB/VirD4 system, as well as the more distantly related E. coli F plasmid. The VirB/VirD4-like systems are characteristic of a large group of T4SSs designated as type IVA (Christie and Vogel, 2000) , which typically are composed of ~10 structural subunits (Tra proteins) and a substrate receptor termed the type IV coupling protein (T4CP) (Chandran Darbari and Waksman, 2015) . Multiple copies of each of the Tra proteins make up the channel, which consists of two large subassemblies termed the outer membrane core complex (OMCC) and inner membrane complex (IMC) (Low et al., 2014; Chandran Darbari and Waksman, 2015) . The Tra proteins, but not the T4CP, are also required to build the conjugative pilus, which consists of a polymer of a single pilin subunit capped at its distal end with a pilus-tip adhesin (Eisenbrandt et al., 1999; Lawley et al., 2003; Aly and Baron, 2007 ). An interesting feature of the pilus biogenesis pathways of the type IVA systems is that pilin monomers assemble as a pool in the inner membrane, whereas the tip adhesins are secreted to the periplasm by the general secretory pathway (GSP) (Moore et al., 1981; Aly and Baron, 2007; Kerr and Christie, 2010) . Based on available data, pilus biogenesis proceeds by recruitment of the pilus-tip adhesin to the T4SS upon receipt of an activating signal. This in turn activates the VirB4 ATPase, in coordination with the VirB11 ATPase, to catalyze dislocation of pilin monomers from the inner membrane (Yuan et al., 2005; Kerr and Christie, 2010) . The pilin monomers are shunted into the T4SS channel, where the pilus-tip adhesin nucleates pilus polymerization, a processing involving the sequential addition of pilin subunits to the base of the fiber (Maher et al., 1993; Chandran Darbari and Waksman, 2015) . In the assembled pilus, the tip adhesin establishes contacts with target cells and also serves as a receptor for male-specific bacteriophages (Bradley, 1979) .
Agrobacterium tumefaciens VirB5 and its homolog pKM101-encoded TraC are well-characterized representatives of pilus-tip adhesins associated with type IVA systems (Schmidt-Eisenlohr, Domke, Angerer, et al., 1999; Yeo et al., 2003; Aly and Baron, 2007) . Interestingly, an early study reported genetic evidence for the intercellular transfer of TraC by pKM101-carrying strains (Winans and Walker, 1985) . Then, a second study presented biochemical evidence for the export of TraC across the E. coli outer membrane (OM), even independently of the pKM101 Tra (hereafter designated Tra pKM101 ) T4SS. This extracellular form of TraC was shown to form high molecular weight complexes, although the functions of surface-associated TraC complexes have not been elucidated (Schmidt-Eisenlohr, Domke and . Here, we extended these findings by confirming the surface display of TraC and demonstrating that it interacts with another pKM101-encoded surface protein termed Pep as well as other unknown surface proteins. Strikingly, surface-displayed forms of TraC and Pep distribute as punctate foci or patches around the cell, as determined by three-dimensional structured illumination microscopy (3D-SIM). We further report evidence for involvement of the β-barrel assembly machinery (BAM) for export of both putative adhesins across the OM and for the coordinated action of TraC and Pep in stimulating intercellular contacts necessary for efficient conjugation and activation of a type VI secretion system (T6SS). Our findings support a proposal that conjugation machines in Gram-negative bacteria have evolved the capacity to appropriate alternative routing mechanisms for adhesins to either build conjugative pili or assemble 'adhesin complexes' on the cell surface as a means of optimizing transmission of cargo MGEs.
Results

TraC functionally interacts with Pep to promote intercellular contacts
Mobile genetic elements are composed of genes encoding three functional modules: (i) the translocation channel, (ii) mobilization (mob) proteins that assemble as a catalytically active relaxosome to initiate DNA substrate nicking at cognate origin-of-transfer (oriT) sequences and (iii) the T4CP that physically links the relaxosome with the translocation channel (de la Cruz et al., 2010) . To facilitate genetic manipulations of large MGEs, these functional modules can be expressed from separate plasmids, as shown recently for the pKM101 and R388 transfer systems (Gordon et al., 2017; Redzej et al., 2017) . In this study, we expressed tra genes encoding the Tra pKM101 channel/ pilus from the nontransmissible plasmid pCGR125 (Fig.  S1A ) and the mob and T4CP genes along with pKM101's oriT sequence on the mobilizable plasmid pJG142 (hereafter termed poriT). The encoded Tra pKM101 T4SS mobilized transfer of poriT at frequencies comparable to that observed for native pKM101, in the range of ~10 0 and 10 −3 transconjugants per donor (Tc's/donor) in solid-surface and liquid matings, respectively (Fig. 1A) . Consistent with our previous findings (Gordon et al., 2017) , deletion of traC from pCGR125 blocked pilus biogenesis as evidenced by resistance of mutant cells to infection by the male-specific phages PRD1 and IKe (Fig. 1B) . The ΔtraC mutants, however, retain the capacity to transfer poriT in solid-surface (10 −5 Tc's/donor) but not in liquid matings (Fig. 1A ). This can be attributed to the importance of pili for initiation of distant contacts when cells are grown in liquid, but not for establishment of stable mating junctions in dense growth conditions accompanying solid-surface matings (Arutyunov and Frost, 2013) . TraC is therefore required for pilus biogenesis but not for assembly of a functional translocation channel.
pKM101 carries a locus termed kikA residing upstream of and transcribed oppositely from the tra gene cluster (Fig. S1A) . We became interested in this locus because B and C. E. coli DH5α harbored the nontransmissible plasmids denoted in columns 1-8 that encode the Tra pKM101 T4SS operon with (+) or deleted (−) of traC or pep;: 1. pKM101, 2. pCGR125, 3. pCGR135, 4. pCGR107, 5. pJG127, 6. pJG127 + pDA105; 7. pJG127 + pMB006; 8. pJJG127 + pMB007. Δ(c-traC, c-pep, or c-orf70): the complemented strain expresses the gene listed from the P nahG promoter. A. Conjugation assays. Donor strains additionally harbored the transmissible plasmid poriT (pJG142), which carries pKM101's oriT sequence and traI (relaxase), traK (accessory factor) and traJ (T4CP) mobilization genes. Donors were mated with the plasmid-free recipient (MC4100-Rif) for 2 h in liquid or on a nitrocellulose disc on LB plates (Solid-surface). Transfer frequencies depicted in the bar graph are presented as transconjugants (Tc's)/donor. B. PRD1 and IKe phage sensitivity of E. coli strains carrying the above-listed plasmids; (S) sensitive or (R) to infection, as monitored with a plaque assay. C. Survival of E. coli strains with the above-listed plasmids when cultivated in the absence or presence of P. aeruginosa PAO1. Statistical significance is shown based on a Student's t test corresponding to the values of plasmid-free DH5α or growth in the absence of P. aeruginosa (*P < 0.05). Data presented are mean ±SE, n = 3 independent replicates. A B C its deletion phenocopies the ΔtraC mutation by rendering cells resistant to phage PRD1 infection (Fig. 1B) (Thatte, Bradley, et al., 1985) . The kikA locus was reported to encode two frame-shifted genes, designated orf70 and orf104 (Fig. S1A) , whose coexpression in Klebsiella cells is lethal (kikA; killing of Klebsiella) but whose expression in E. coli has no effect on cell viability (Thatte, Bradley, et al., 1985; Iyer, 1996a, 1996b) . In E. coli, expression of orf104 alone is necessary for PRD1 infection and thus orf104 was renamed pep (for PRD1 entry protein) (Holcik and Iyer, 1996a) . We confirmed pep's requirement for PRD1 uptake, and further showed that deletion of pep from pCGR125 confers a general reduction in poriT transfer by ~2-3 orders-of-magnitude in both solid-surface and liquid matings, regardless of whether the orf70 allele is trans-expressed ( Fig. 1A and B) . Interestingly, however, loss of pep does not affect pilus assembly, as shown by sensitivity to IKe phage (Fig. 1B) and also by earlier electron microscopy analyses (Thatte, Bradley, et al., 1985) .
Despite their different roles in pilus assembly, the requirement of traC and pep for PRD1 phage infection was suggestive of a coordination of function. We next analyzed effects of ΔtraC and Δpep mutations on the capacity of donor cells to form productive intercellular contacts using various assays. In conjugation assays, unlike ΔtraC mutant donors that are proficient for transfer on solid surfaces, a ΔtraC Δpep mutant donor was completely transfer-minus (Tra − ), establishing that pep partially compensates for the absence of traC and the conjugative pilus (Fig. 1A) . Furthermore, a ΔtraC Δpep mutant donor complemented with a plasmid expressing traC and pep from the P nahG promoter and induced with 10 μM salicylate accumulated both proteins at levels ~2-3-fold higher than isogenic pCGR125-carrying cells that express traC and pep from native promoters. Correspondingly, the complemented strain transferred poriT at elevated frequencies relative to the pCGR125-carrying donors (Figs 1A and S1C) . Salicylate induction of traC in a ΔtraC mutant or pep in a Δpep mutant also yielded higher cellular levels, respectively, of TraC or Pep, but not of poriT transfer (Figs 1A and S1C, & data not shown) (Gordon et al., 2017) . Elevated co-production of TraC and Pep thus has a stimulatory effect on plasmid transfer.
Next, we employed a variation of the standard mating assay termed 'extracellular complementation'. An early study reported the interesting observation that a pKM101traC mutant donor regains transfer proficiency when mixed with a 'helper' strain that encodes TraC and the rest of the Tra pKM101 T4SS from a nontransmissible plasmid (Winans and Walker, 1985) . In this three-strain mating, the 'helper' strain was postulated to donate an extracellular form of TraC to the ΔtraC 'donor', which enabled the latter to then establish productive contacts with a plasmid-free recipient. We confirmed this finding, and additionally showed that the 'helper' strain must produce not only TraC but also Pep. 'Helper' strains were engineered to produce combinations of the pKM101 T4SS, TraC and Pep (Fig. S1B) . The mutant donor strain carried two nontransmissible plasmids, one producing the T4SS but not TraC and Pep and a second encoding the TraK/ TraJ/TraI mob and T4CP receptor functions. The donor strain also carried a third, transmissible plasmid pYGL34 (hereafter poriT1), which harbors only pKM101's oriT sequence. In the absence of 'helper' strains, the mutant donor failed to transfer poriT1 at detectable frequencies (Fig. S1B) . Addition of a 'helper' co-producing the T4SS, TraC and Pep, but not of other 'helper' strains producing subsets of these three elements, restored transfer proficiency of the ΔtraC Δpep mutant donor. In principle, the mutant donor could transfer poriT1 into the 'helper' strain, which then relies on its intact T4SS to deliver the plasmid to the recipient. We excluded this transfer route, however, because the 'helper' lacks the traKJI genes necessary for mobilization of poriT1. In the context of the original model (Winans and Walker, 1985) , we propose that the 'helper' strain transmits TraC and Pep as a complex to the ΔtraC Δpep mutant donor for use in establishment of productive recipient cell contacts.
We capitalized on a third assay that monitors the capacity of the T4SS to establish intercellular contacts independently of DNA transfer. In this assay, pKM101-carrying E. coli cells activate a Pseudomonas aeruginosa type VI secretion system (H1-T6SS Pa ) with an outcome that T6SS effectors are delivered to and kill the E. coli cells (Ho et al., 2013; Gordon et al., 2017) . We recently showed that activation of the H1-T6SS Pa requires production of TraC and the T4SS channel, but not the conjugative pilus (Gordon et al., 2017) . Here, we expanded these findings by determining that Δpep mutant strains also failed to trigger the T6SS, even when TraC and the conjugative pilus are produced (Fig. 1C) . The requirements for T6SS activation therefore include production of TraC, Pep and the T4SS channel, but not the conjugative pilus. As observed for plasmid transfer, elevated synthesis of TraC and Pep from the P nahG promoter in pKM101 ΔtraC Δpep-carrying cells elicited a ~5-fold higher killing response than observed for strains producing native levels of one or both proteins (Fig. 1C) . These findings are most readily explained if a surface-exposed TraC/Pep complex stimulates contacts between E. coli and P. aeruginosa to potentiate strong activation of the T6SS Pa .
TraC and Pep localize on the E. coli cell surface
The above findings supported a model in which TraC and Pep are exported to the cell surface where they stimulate formation or stabilization of intercellular contacts. We used complementary approaches to directly test for the surface display of both proteins. When necessary, cells expressing epitope-tagged forms of traC and pep from the P nahG promoter were induced with 2 μM salicylate, which yielded accumulation of both proteins at levels comparable to levels observed with expression from the native promoters (Fig. S1C) . A C-terminally Strep-tagged form of TraC (TraC ST ) was fully functional in supporting DNA transfer and uptake of PRD1 and IKe phages (Fig.  S2A) . Consistent with previous findings, TraC ST was abundantly detected in the extracellular fraction recovered by passage of cells through a narrow-gauge needle, regardless of whether cells additionally produced the Tra pKM101 T4SS (Fig. S2B ) (Schmidt-Eisenlohr, Domke and . By contrast, TraC bearing a Strep-tag after its cleaved signal sequence ( ST TraC) was stably produced, but was nonfunctional and also not detected in the extracellular fraction ( Fig. S2A and B) . As a control for leakage of periplasmic contents, a fully functional, C-terminally Strep-tagged form of the maltose-binding protein (MBP ST ) was not detectable in the extracellular fraction ( Fig. S2B and C) . A structural subunit of the Tra pKM101 T4SS, TraF with a C-terminal Strep-tag (TraF ST ) also resides in the periplasm (Chandran et al., 2009 ) and also was not detectable in the extracellular fraction ( Fig.  S2A and B) .
To confirm the surface exposure of TraC, we used an antibody-based whole cell (dot blot) assay and we also tested for crosslinking of TraC to the membrane-impermeable BSA-maleimide (BSA-mal). In the surface dot blot assay, cells producing TraC ST reacted strongly when probed with α-Strep antibodies, whereas cells producing MBP ST , untagged TraC, TraF ST or ST TraC reacted poorly ( Fig. 2A) . Consistent with previous findings (Konovalova et al., 2014) , all strains reacted strongly when probed with antibodies to the surface-exposed lipoprotein RcfF, and poorly when probed with antibodies to the periplasmic POTRA domains of BamA ( Fig. 2A) . Although TraC is annotated to carry two Cys residues (Genbank U09868.1), our fully functional variant lacked these Cys residues and also did not react with BSA-mal (Fig. 2B) . We introduced Cys residues at Gln46 or Val144, both of which are located on the protein's surface as deduced from its X-ray structure (Yeo et al., 2003) . TraC.G46C ST and TraC.V144C ST accumulated at abundant levels and exhibited WT function (Figs. 2B and S2A) . Treatment of the TraC.V144C ST -producing strain with BSA-mal yielded a ~90-kDa species, the size expected of a TraC.V144C ST / BSA-mal complex. TraC.Q46C ST , however, reacted only weakly with BSA-mal, possibly because Q46C is buried in a protein-protein interface (Fig. 2B) . Taken together, these findings firmly establish that TraC is routed to the cell surface independently of the Tra pKM101 T4SS.
Pep carries a classical sec secretion signal that is cleaved at Glu23, as determined by Edman degradation (Fig. S2D ) (Holcik and Iyer, 1996b) . Pep bearing a C-terminal FLAGtag (Pep FL ) fully complemented the pCGR125Δpep mutation (Fig. S2D) , and was recovered in abundant amounts in the extracellular fraction after shearing regardless of whether cells elaborated the Tra pKM101 T4SS (Fig 2C) . In control experiments, extracellular fractions lacked detectable amounts of a functional form of periplasmic MBP FL , as well as the periplasmic POTRA domains of BamA and the cytoplasmic RNA polymerase β subunit (RNAP) (Figs 2C and S2C) . In the surface dot blot assay, Pep FL and surface-exposed RcsF reacted strongly and the periplasmic BamA POTRA domains and MBP FL reacted poorly with the respective antibodies (Fig. 2D) . Pep is predominantly α-helical in its predicted secondary structure, as deduced by Phyre 2 modeling (Fig. S2D) (Kelley et al., 2015) . To evaluate the possibility that Pep spans the OM, we assayed for surface display of FLAG-tags introduced along the length of the protein. Seven Pep FL variants accumulated at detectable levels, and five of these were fully functional in stimulating DNA transfer and conferring PRD1 phage sensitivity (Fig. S2D ). All but one of the functional variants reacted strongly with α-FLAG antibodies in the dot blot assay (Fig.  2D ). The FLAG-tag at position G34 did not affect Pep function, but reacted only weakly in the dot blot assays, possibly marking a membrane-spanning region of the protein.
The N66 FL and Q94 FL variants also reacted comparatively weakly with the α-FLAG antibodies, but their nonfunctionality prevented firm conclusions regarding surface exposure. Overall, results of these epitope-walking experiments placed the bulk of Pep on the cell surface independently of a contribution by the Tra pKM101 T4SS.
Pep possesses 4 Cys residues that are highly conserved among Pep homologs in the database (Fig. S2D) . However, native Pep did not detectably crosslink with BSA-mal, suggesting that the 4 Cys residues might form disulfide bridges or are otherwise buried and inaccessible (Fig. 2E ). We introduced a Cys residue just before the C-terminal FLAG-tag in Pep FL and the resulting protein, Pep.C105 FL, was fully functional and reacted extensively with BSA-mal (Figs 2A and D) . Several species of Pep. C105 FL /BSA-mal complexes could be distinguished by SDS-PAGE, possibly reflecting different conformational or oligomeric states arising from formation of disulfide crosslinks by the native Cys residues (see below).
We assayed for surface display of both proteins by immunofluorescence microscopy (IFM). In agreement with the above findings, salicylate-induced (2 μM) cells producing TraC ST or Pep FL in the absence of the T4SS exhibited bright fluorescence when reacted with α-Strep or -FLAG primary antibodies and fluorescently labeled secondary antibodies (Fig. S3 ). Uninduced cells were non-or weakly fluorescent, as were cells producing periplasmic MBP FL or MBP ST . Interestingly, the fluorescence patterns of TraC ST and Pep FL observed by confocal microscopy were patchy and nonuniform. We further resolved these localization patterns by 3D-SIM and, strikingly, observed that cells producing TraC ST exhibited distinct focal patterns that were evenly distributed around the E. coli cell envelope ( Fig. 3A and B). These punctate foci were detected in cells producing TraC ST in the presence or absence of the Tra pKM101 T4SS. Cells producing Pep FL from the native or inducible promoters also possessed distinct foci, although fewer in number than the TraC ST foci. These cells also had prominent, larger patches of fluorescence generally at or near the cell poles, whose appearance was indistinguishable in cells producing or lacking the Tra pKM101 T4SS ( Fig. 3A and B) . The punctate spatial patterns of TraC ST and Pep FL , and to a lesser extent the larger patches of Pep FL , are reminiscent of rafts of OM proteins termed 'OMP islands' that have been recently shown to assemble on the E. coli cell surface by high-resolution fluorescence microscopy . Fig. 4A and B) . We did, however, routinely detect a small amount of TraC ST in material recovered from the α-FLAG pull-downs in the absence of crosslinking, suggesting that the two proteins stably interact (Fig. 4B, lower panel) . A prominent species migrating at ~37 kDa, the size expected of a TraC ST -Pep FL dimer, and coreactive with α-FLAG and -Strep antibodies was present in eluates from both sets of pull-downs ( Fig. 4A and B, black arrows). Another prominent species migrating at ~22 kDa, the size expected of a Pep FL homodimer and reactive only with the α-FLAG antibodies, was detected in the α-FLAG pull-downs (Fig. 4B , white arrow). We next asked whether Cys-substituted forms of TraC ST and Pep FL directly interact through formation of disulfide bridges. Crosslinking was assessed with affinity pull-downs as above, except that intact cells were treated N-ethylmaleimide (NEM) to block post-lysis crosslinking and protein samples were electropohoresed through non-reducing gels to detect crosslinked species. From a strain engineered to coproduce TraC.V144C ST and Pep. C105 FL , we detected a ~37-kDa species in the reciprocal pull-downs that was coreactive with α-FLAG and α-Strep antibodies ( Fig. 4C and D) . This presumptive heterodimer was not detected when affinity-enriched material was electrophoresed through reducing gels ( Fig. 4A and B) , nor was it detected in pull-downs from cells coproducing V144C ST and native Pep FL ( Fig. 4C and D) . From strains producing Pep FL or Pep.C105 FL , we detected presumptive Pep homodimers migrating as a ~22-kDa species; this species was recovered only in FLAG pull-downs and reacted only with α-FLAG antibodies (Fig. 4D) . From strains producing TraC.V144C ST , we detected a presumptive TraC homodimer migrating as a ~52-kDa species; this species was recovered only in Strep pull-downs and reacted only with α-Strep antibodies (Fig. 4C ). These findings indicate that at least a fraction of the surface-exposed forms of TraC and Pep directly interact and that both TraC and Pep also form homodimers.
We were curious that none of Pep's highly conserved Cys residues (C26, C31, C45, C79) reacted with BSAmal or formed disulfide crosslinks with TraC.V144C. We assessed the functional importance of each residue by mutation to Ser. Strikingly, cells grown in liquid media with agitation accumulated low levels of each of the 4 Cys-to-Ser variants compared with Pep FL (Fig. S4A) (Fig. S4C ). All four Cys-to-Ser substitutions phenocopied the Δpep mutation in conferring: (i) diminished donor proficiency, (ii) failure to extracellularly complement a Δpep donor when produced in 'helper strains' and (iii) resistance to PRD1 infection (Fig. S4D ). Pep's conserved Cys residues are therefore critical for stability or function. Cys31 and Cys45 also might form intramolecular disulfide bridges of importance for proper folding of the protein, or intermolecular crosslinks contributing to stabilization of Pep at the cell surface.
Evidence for BAM-mediated export of TraC and Pep
We sought to explore the mechanism responsible for export of TraC and Pep across the OM. Cells producing TraC ST (Fig. 5A, Table S1 ). Both proteins also interacted with BamA and BamC of the β-barrel assembly machinery (BAM). In E. coli, the BAM complex is composed of the β-barrel protein BamA and four lipoproteins BamB-E. This machinery localizes at the OM where it functions to direct the insertion of β-barrel outer membrane proteins (OMPs) and a number of other client proteins into the OM (Pavlova et al., 2013; Konovalova et al., 2014 Konovalova et al., , 2017 . TraC ST and Pep FL also interacted with the periplasmic chaperones SurA and Skp, which are involved in delivering client proteins to the BAM complex, as well as the DegP protease/chaperone (Goemans et al., 2014; Noinaj et al., 2017) . TraC ST also was crosslinked indirectly or directly with BamB, and Pep FL with BamD as well as OmpC and OmpA although we detected the Omp interactions in only one of three experimental repetitions (Fig. 5A, Table S1 ). We also detected interactions with components of the Tra pKM101 T4SS. Specifically, TraC ST interacted with components of the Tra pKM101 T4SS, including the OMCC subunits VirB9-like TraO and VirB10-like TraF, and the IMC subunit VirB6-like TraD. These findings are in line with previous reports that TraC-like subunits bind not only at the pilus tip but also assemble as part of the T4SS channel (Yuan et al., 2005; Villamil Giraldo et al., 2012; Low et al., 2014) . By contrast, Pep FL interacted only with the VirB1-like TraL among the pKM101 Tra subunits. TraL is a member of the VirB1-like cell wall hydrolases that are commonly associated with T4SSs (Bayer et al., 1995; Koraimann, 2003; Low et al., 2014) . These subunits play a role in machine biogenesis, but are not thought to remain associated with the assembled T4SS. However, there is also evidence that a C-terminal fragment of A. tumefaciens VirB1 is exported to the cell surface (Zupan et al., 2007) , raising the possibility that surface-displayed forms of Pep and TraL interact at the cell surface. As controls for these mass spectrometry analyses, strains producing untagged forms of TraC or Pep were analyzed equivalently. Material recovered by affinity pull-downs lacked detectable levels of TraC or Pep as well as components of the BAM complex or Tra pKM101 T4SS (Table S1 ).
Crosslinking of TraC ST and Pep FL with BAM pathway components suggested a possible involvement of the BAM complex for TraC and Pep export. We confirmed the presence of BamA and BamC in material recovered from the TraC ST and Pep FL affinity pull-downs by immunostaining with the respective antibodies. In both pull-downs, BamA and BamC migrated as higher order species exceeding 180 kDa, likely because of extensive crosslinking between TraC ST or Pep FL with one or more Bam subunits and among components of the BAM complex ( Fig. 5B and C) . Pep FL and TraC ST pull-downs lacked detectable levels of the OM proteins RcsF or OmpA by immunostaining ( Fig. 5B and C) . To determine if TraC ST directly interacts with the BAM complex, we introduced 10 amber mutations individually along the length of TraC ST for genetic incorporation of UV-crosslinkable pBPA using the evolved aminoacyl-tRNA synthetase(s) (aaRS)/suppressor tRNA pair from Methanocaldococcus jannaschii (Young et al., 2010) . The 10 sites chosen for pBPA incorporation were distributed along the length of TraC (Yeo et al., 2003) . All of the TraC ST variants efficiently incorporated pBPA without appreciable background when cells were grown in M9 minimal media, which was monitored by development of immunoblots with α-Strep antibodies for detection of the full-length, C-terminally tagged variants (Fig. S5A ). Of these, most variants were functional as determined by complementation of pKM101ΔtraC mutation although only four were functional as monitored by PRD1 phage sensitivity (Fig. S5A) . Strikingly, three of the fully functional variants with pBPA incorporated at positions Q46, L86 and Q191 formed crosslinks with BamA, as shown by a distinctive shift in BamA in immunoblots developed with α-BamA antibodies (Fig. 6A) . The corresponding residues are not contiguous in TraC's primary sequence, but interestingly all three residues align along the same face of the TraC's crystal structure (Yeo et al., 2003) , possibly reflecting an extended binding interface with BamA (Fig. 6B) . The pBPA-incorporated TraC ST variants formed photocrosslinks with a number of proteins (Fig. 6A, lower panel) , which is not surprising based on results of our earlier BS 3 -crosslinking studies (Fig. 4) .
The identities of these putative binding partners remain to be determined, although thus far we have not detected TraC ST photocrosslinking with components of the Bam export pathway other than BamA.
To assess whether BAM and chaperone mutations affect the assembly of TraC and Pep complexes at the cell surface, mutant strains coproducing TraC ST and Pep FL were treated with BS 3 and extracellular fractions recovered by shearing were subjected to Strep-or FLAG-pulldowns. We reproducibly observed that strains harboring the bamA101 mutation (a promoter mutation that confers a 10-fold reduction in essential BamA), a bamA616 bamB double mutation and a surA mutation accumulated appreciably diminished levels of BS 3 -crosslinked TraC ST complexes compared with the WT strain MC4100 (Fig.  6C) . Strains with deletions of the nonessential BAM complex subunits (bamB, bamC) also had slightly lower levels of the crosslinked complexes. Strains bearing ompA and ompC mutations, however, accumulated crosslinked species at levels comparable to the WT strain MC4100. Interestingly, the degP mutant strain accumulated TraC ST complexes at abundant levels, possibly reflecting a role for DegP in regulation of TraC levels in the periplasm. In the absence of crosslinking (−BS 3 ), monomeric TraC ST accumulated at comparable levels in all strains, establishing that the BAM pathway mutations do not exert their effects through feedback control at the level of traC expression or TraC protein accumulation.
The bam and surA mutant strains also possessed diminished levels of crosslinked Pep FL complexes compared with MC4100 or the degP mutant strain, although differences were not as pronounced as observed for the TraC St complexes (Fig. 6D) . We did, however, observe that all detectable Pep FL formed higher order crosslinked complexes in WT MC4100 and the degP and omp mutant strains. By contrast, uncrosslinked Pep FL monomers accumulated in bam and surA mutant strains at low levels (Fig. 6D, lower overexposed blot) . These findings, coupled with our evidence for stabilization of Pep through disulfide bridge formation, are consistent with a model in which the BAM complex mediates export of Pep to the cell surface where Pep then forms stabilizing crosslinks. The bamA616 bamB double mutant possessed undetectable levels of monomeric or crosslinked forms of Pep FL . However, this strain exhibited pronounced growth defects possibly because of synthetic lethality arising from Pep FL production in this mutant background. Taken together, these findings are consistent with the involvement of the BAM complex for export of TraC and Pep to the cell surface.
Finally, we tested whether a bamA101 mutation disrupted plasmid transfer. In brief matings (≤ 30 min), the bamA101 mutant harboring pCGR125 mobilized poriT transfer at frequencies of 1-2 logs lower than isogenic MC4100 donors (Fig. S5B) . These effects were not observed in longer matings, possibly because of the appearance of mutations restoring BamA levels or physiological changes compensating for the BamA deficiency. When used as a recipient in matings with the MC4100 (pKM101) donor strain, the bamA101 mutant showed no attenuation in plasmid uptake (Fig. S5C) . Although further studies with additional bam mutant strains are warranted, the BAM complex does not appear to be essential for elaboration of a functional Tra pKM101 T4SS in donors or for assembly of critical surface receptors for the Tra pKM101 T4SS, the conjugative pilus, or surface adhesins in recipients.
Discussion
Conjugation systems in Gram-negative bacteria elaborate translocation channels and conjugative pili, whose coordinated activities mediate transfer of cognate MGEs by a process requiring direct cell-to-cell contact (Achtman, 1975; Achtman et al., 1978; Arutyunov and Frost, 2013) . Assembly of both organelles requires nearly the same set of T4SS subunits, but the relationship of the channel and pilus is not yet structurally or functionally defined. An interesting feature of conjugation systems in Gramnegative bacteria is that extended pili are dispensable for substrate transfer. This has been shown through the isolation of 'uncoupling' mutations that dissociate pilus biogenesis from channel formation, yielding production of one but not the other organelle (Sagulenko et al., 2001; Jakubowski et al., 2003; ). In the pKM101 system, for example, deletion of the pilus-tip adhesin TraC blocks biogenesis of the pilus but not a functional translocation channel (Gordon et al., 2017) . Here, we sought to understand how these nonpiliated ΔtraC variants form productive contacts with recipient cells. We discovered that a second pKM101-encoded factor, Pep, assembles as a cell surface adhesin that partially compensates for the absence of TraC and the conjugative pilus. However, even in cells producing the native Tra pKM101 T4SS, Pep stimulates intercellular contacts necessary for optimal conjugative transfer. We also extended earlier reports that TraC is alternatively exported to the cell surface (Winans and Walker, 1985; and identified both TraC and Pep as putative clients of the BAM complex. Interestingly, TraC and Pep assemble as higher order complexes appearing as punctate foci or patches around the cell surface that are potentially transmitted intercellularly during conjugation. In Gram-positive bacteria, MGE's rely exclusively on surface-displayed adhesins and not pili for establishment of mating junctions (Bhatty et al., 2013) . Reminiscent of these systems, our studies provide evidence that an MGE of a Gram-negative species has evolved the capacity to deploy surface adhesins as an alternative to the conjugative pilus to initiate donor-target cell contacts.
We recently described two other classes of Tra + , Pil − 'uncoupling' mutations. One consists of mutations in the cap domain located at the distal end of the OMCC that presumptively spans the OM; such mutations were identified for both the Tra pKM101 and A. tumefaciens VirB/VirD4 T4SSs (Jakubowski et al., 2009; Gordon et al., 2017 (Winans and Walker, 1985; SchmidtEisenlohr, Domke and Baron, 1999) . The 'helper' cells must coproduce TraC and Pep, as well as the Tra pKM101 T4SS although it is not yet known whether one or both of the encoded channel or pilus is required. In principle, the pilus could serve as a vector for delivery of TraC/Pep complexes associated at the pilus tip to the mutant donor cell surface. We think this is unlikely, however, as Pep plays no role in biogenesis of the pilus or translocation channel (Thatte, Bradley, et al., 1985; Thatte, Gill, et al., 1985) . We also were unable to detect any interactions between Pep and structural subunits of the translocation channel or with the VirB2 pilin subunit by pull-down assays and mass spectrometry (Fig. 5) . Further arguing against pilus-mediated transmission, previous work showed that the physical separation of 'helper' cells from mutant donors by a membrane filter with pores sufficient for protrusion of pili completely blocks 'extracellular complementation' (Winans and Walker, 1985) . Treatment of traC mutant donor strains with extracellular fractions from 'helper' strains, or of enriched conjugative pili or purified TraC also fails to restore transfer proficiency (SchmidtEisenlohr, Domke and . We thus propose that 'helper' cells transmit TraC/ Pep complexes through a mechanism involving T4SS-mediated formation of mating junctions with mutant donor cells, despite the lack of DNA transfer between 'helper' and donor. The notion that donor-target cell pairs cells exchange OM material upon formation of mating junctions was first proposed to account for observations that matings between S 35 -methionine-labeled donor cells and unlabeled recipient cells resulted in the accumulation of labeled OMPs, as well as T4SS substrates, for examle, Sog primase, in recipients (Merryweather et al., 1986) . Electron micrographs also have shown that conjugative junctions consist of electron-dense regions that might correspond to zones of OM fusion between donors and recipients (Durrenberger et al., 1991; Samuels et al., 2000) . Importantly, in these electron microscopy studies, donors capable of elaborating T4SS channels but not conjugative pili still formed tight mating junctions, in agreement with our genetic findings that Pil − ' uncoupling' mutations remain proficient for DNA transfer (this study; Sagulenko et al., 2001; Jakubowski et al., 2009; Gordon et al., 2017) .
OM exchange during conjugation has not been analyzed further, although the exchange of OM materials is now well documented among myxobacteria (Pathak et al., 2012; Cao and Wall, 2017) . In these bacteria, when two sibling cells come into direct contact, they transiently fuse their OMs and exchange prodigious amounts of OM materials. This is thought to represent a form of resource sharing that enables rejuvenation of damaged siblings (Pathak et al., 2012; Cao and Wall, 2017 ). An important feature of kin recognition/resource sharing in myxobacteria is that once OM materials are exchanged, the proteins and lipids diffuse away from the site of transmission around the cells. OM exchange/diffusion might also account for the phenomenon of 'extracellular complementation'. The wholesale transfer of OM fragments could account for how surface-displayed complexes of TraC and Pep, the latter potentially anchored to the cell surface through a combination of noncovalent and disulfide crosslinked interactions (Fig. 4 and S4) , are delivered from one cell to another. Diffusion of TraC/Pep complexes away from the sites of 'helper' -mutant donor mating junctions would further explain how such complexes can be recycled by donors for use in stimulating formation of mating pairs with plasmid-free recipients. OM exchange in myxobacteria was demonstrated through genetics and emergent fluorescence microscopy technologies (Pathak et al., 2012) , and application of the latter should now prove useful for more detailed analyses investigating the transmission and diffusion properties of TraC and Pep and other OM materials during conjugation.
TraC, Pep and the Tra pKM101 T4SS are also required for PRD1 phage infection (this study (Holcik and Iyer, 1996a; Yeo et al., 2003) . PRD1 binds pKM101-encoded pili (Bradley, 1979) , and prevailing models invoke pilus retraction such as that demonstrated for F plasmid-encoded F pili (Deng and Perham, 2002; Clarke et al., 2008) as a means for PRD1 and other male-specific phages to gain access to cell surface receptors for subsequent penetration. pKM101-encoded pili, however, have not been shown to retract and pili are rarely observed in association with E. coli cells. In contrast to the F pilus, these pili are highly brittle and appear to break or are actively sloughed from the cell surface (Bradley, 1980) . Such pili are representative of a large number of conjugative pili that likely do not retract but whose release into the milieu instead results in pilus bundling and formation of nonspecific pilus-cell contacts that favors formation of mating pairs between donors and potential recipients in the vicinity (Haase et al., 1995; Samuels et al., 2000; Christie, 2004) .
These observations, and evidence that TraC and Pep might both function as PRD1 receptors (this study; Yeo et al., 2003) , raise the interesting question of whether pKM101-encoded pili are in fact necessary for PRD1 infection. If so, PRD1 might first bind pilus-associated TraC and then, through stochastic contacts of released pili with the donor cell surface, gain access to Pep or TraC/Pep complexes on the donor cell surface for subsequent entry. However, we think a more plausible model is that PRD1 directly binds surface-displayed TraC or TraC/ Pep complexes independently of initial docking with the pilus. A pilus-independent binding model would explain observations that PRD1 abundantly binds the surface of pKM101-carrying cells without the need to first bind pili (see (Santos-Perez et al., 2017) ; C. Gonzalez-Rivera, unpublished). This model also might account for results of mutational studies of TraC. In an earlier study, it was shown that substitutions of TraC's Val144 with Asp, Glu or Trp conferred a Δpep phenotype in that mutant cells still assembled functional pKM101 channel and pili but were resistant to PRD1 infection (Yeo et al., 2003) . Here, we determined that substitution of Val144 with Cys also supports biogenesis of the functional channel and pili, but in contrast to the bulky or charged substitutions, the Cys mutation rendered cells sensitive to phage infection (Fig. S2) . We also showed that Val144Cys crosslinks with Pep.C105, indicating that Val144 is located in or near a TraC-Pep binding interface (Fig. 4) . A reasonable explanation for these findings is that surface-exposed TraC/ Pep complexes constitute the PRD1 phage receptor, and that substitution of Val144 with bulky or charged residues but not Cys disrupt formation of these complexes. If, in fact, PRD1 gains access to surface-displayed TraC/Pep receptor complexes independently of pilus binding, it is then necessary to account for why the Tra pKM101 T4SS is required for infection. An intriguing speculation is that the phage relies partly on the translocation channel for conveyance of its genome to the cytoplasm.
Surface-displayed TraC and Pep interact not only with each other but also other unidentified proteins, and two features of these higher order complexes were of special interest. First, as noted above, we determined that Pep is stabilized at the cell surface through a combination of intra-and intermolecular disulfide crosslinking. Pep can thus be added to a list of OM-associated proteins that form extracellular disulfide bridges, including OMPs, passenger domains of autotransporters, the LptD translocon of LPS and the ComP pilin subunit of Neisseria meningitidis type IV pili (Brandon and Goldberg, 2001; Kadokura et al., 2004; Bodelon et al., 2009; Negoda et al., 2010; Chng et al., 2012; van Ulsen et al., 2014; Berry et al., 2016) . In Chlamydia trachomatis, Cys residues in surface-exposed loops of the major outer membrane protein (MOMP) form a combination of intra-and intermolecular disulfide crosslinks of importance for MOMP oligomerization and pore formation (Hatch, 1996; Findlay et al., 2005) . Where characterized, however, extracellular disulfide bonds are formed in the periplasm by interfacing with the disulfide bond formation (Dsb) pathway. Interestingly, by contrast, we have found that Pep is both stably displayed on the cell surface and also assembles as higher order disulfide crosslinked oligomers in dsbA and dsbC mutants (M. Bogisch, unpublished findings). At least the major Dsb pathway oxidoreductase and isomerase is therefore not required for biogenesis of surface-displayed Pep, although further studies need to assess effects of other Dsb pathway mutations on Pep export or function. The importance of the Dsb pathway and disulfide bridges for folding and function of surface-anchored proteins in Gram-positive Actinobacteria is now well established (Reardon-Robinson and Ton-That, 2015). By contrast, for Gram-negative species, the role of disulfide crosslinking for anchoring, stability, or function of surface-displayed proteins, and the mechanisms protecting against misoxidation of surface-exposed Cys residues, have not been extensively investigated. Pep should thus prove a useful model for definition of the assembly requirements and general functions of extracellular disulfide bridges in diderms.
Second, by 3D-SIM, we determined that both proteins assemble as distinct foci on the cell surface (Fig. 3) . We do not yet know where the Tra pKM101 T4SS localizes, but importantly the spatial patterns observed for TraC and Pep were unaffected by the presence of the T4SS. Spatial studies have localized various surface organelles at bacterial cell poles, such as flagella and type IV pili (T4P) (Cowles et al., 2013) , Caulobacter stalks and Agrobacterium polysaccharide adhesins (Li et al., 2012) and the Legionella pneumophila Dot/Icm T4SS (Jeong et al., 2017) . Perhaps more relevant, however, is recent data showing that β-barrel OMPs, as well as the BAM complex itself, assemble as discrete clusters termed 'OMP islands' in the OM. These islands are distributed around the cell surface, and their spatial organization changes dynamically during cell division as manifested by the appearance of new OMP islands at the midcell that force old OMP islands toward the poles (Kleanthous et al., 2015; Rassam et al., 2015) . We have not yet established whether TraC and Pep interact with OMPs, but our evidence that TraC and Pep interact with BamA raises the possibility that both proteins associate at least transiently with OMP islands. We are currently addressing this question, and also assessing whether TraC and Pep undergo dynamic relocalization during the cell cycle or in response to T4SS channel/pilus production or mating junction formation.
The BAM complex and its role in insertion of β-barrel proteins into the OM has been defined in considerable structural and mechanistic detail (Konovalova et al., 2017; Noinaj et al., 2017) . There is also increasing appreciation that the BAM complex plays a broader role in crafting the protein landscape at the cell surface (Pavlova et al., 2013; Konovalova et al., 2014; Bernstein, 2015) . For example, other BAM clients include autotransporters and the OM-spanning RcsF lipoprotein (Bernstein, 2010; Konovalova et al., 2014) . It is noteworthy that the assembly pathways of these client proteins still involve the BAM-dependent insertion of cognate β-barrel domains or OMPs. By contrast, results of our BS 3 crosslinking and photocrosslinking studies suggest that TraC and Pep engage directly with the BAM complex, but not with a β-barrel partner during export (Figs 5 and 6). Of further interest, we identified three sites of crosslinking (Q46, L86, Q191) between pBPA-incorporated TraC and BamA. These residues are not contiguous in the primary sequence ( Fig. S1A ) but do align along the same face of the folded protein ( Fig. 6B ) (Yeo et al., 2003) , suggesting that TraC might fold partially or completely prior to engagement with BamA. In view of their observed interactions (Fig. 4) , the SurA and Skp chaperones might play a role in TraC folding and presentation to BamA. Finally, the involvement of the BAM complex in Pep export also is supported by our finding that a bamA101 mutation phenocopied the Δpep mutation by rendering donor cells attenuated for conjugative DNA transfer in brief matings. The bamA101 promoter mutation confers a 10-fold reduction in BamA levels, which in the short-term might yield reduced levels of surface-displayed TraC and Pep. Longer term effects on conjugation, however, might be mitigated by the appearance of adaptive physiological changes or compensatory mutations in the BAM complex or an alternative export pathway(s) that restore efficient export of the adhesins. We thus propose that TraC and Pep can be added to the list of BAM clients that interact with the BamA subunit independently of a cognate β-barrel partner. Other such clients include the effector proteins of two-partner secretion (TPS) systems whose export depends on a bona fide member of the BamA superfamily (Bernstein, 2010; Choi and Bernstein, 2010) . Similarly, in plants, client proteins engage with BamA-like Toc75 for delivery across the chloroplast outer envelope (Gentle et al., 2005) . Even for the autotransporters, BamA has been shown to bind not only with the autotransporter β-barrel domain for membrane insertion but also independently with the passenger domain for export (Ieva and Bernstein, 2009; Pavlova et al., 2013) . Further studies are needed to define molecular details of the TraC and Pep export pathways, but even at this juncture it is remarkable that, upon secretion to the periplasm, TraC is alternatively routed to the Tra pKM101 T4SS where it nucleates pilus assembly and locates at the pilus tip, or to the BAM complex for deposition on the cell surface. Defining the intrinsic and extrinsic signals directing TraC trafficking is an exciting area for future investigation.
The BAM complex, by contrast, does not seem to be required for elaboration of Tra pKM101 T4SS channel or pilus. These findings are reminiscent of results obtained for other supramolecular translocation systems composed of large OM pores or secretin-like channels. The BAM complex is not required for biogenesis of the capsular polysaccharide export machinery, curli or the type II secretion/type IV pilus and type III secretion systems (Fardini et al., 2009; Hoang et al., 2011; Dunstan et al., 2015) . Interestingly, these systems share a feature with the T4SSs in that they generally possess a small lipoprotein that interacts with and stabilizes the subunit comprising the OM pore or secretin (Anderson et al., 1996; Farizo et al., 1996; Fernandez et al., 1996; Spudich et al., 1996; Baron et al., 1997; Dunstan et al., 2015) . Where characterized, this small lipoprotein plays an important role in delivery and positioning of the cognate subunit at the OM Spudich et al., 1996; Daefler and Russel, 1998; Burghout et al., 2004; Dunstan et al., 2013) . Once positioned, the pore/secretin subunits are then thought to oligomerize and insert into the OM spontaneously by a mechanism involving lipid-assisted self-assembly (Hoang et al., 2011; Dunstan et al., 2015) . In view of the demonstrated importance of VirB7-like lipoproteins for T4SS biogenesis, it is reasonable to postulate that a similar BAM-independent, LOLdependent pathway might direct insertion of the α-helical cap domain located at the distal end of the OMCC to form the OM channel.
In sum, this study adds to an increasing body of evidence that T4SSs deploy surface factors to modulate cell-cell contacts independently of pilus production. Other proteins integrated into the OM or displayed on the cell surface have been shown to play important roles in stimulating T4SS function. In the F plasmid transfer system, for example, TraN integrates into the OM but surface-exposed domains are required for stabilization of mating pairs (Klimke et al., 2005) . In Helicobacter pylori, OMPs termed Hops (H. pylori outer membrane proteins) similarly promote binding of H. pylori cells to epithelial cells, and at least one of these, HopQ, is essential for Cag T4SS-mediated translocation of the CagA protein substrate into the eukaryotic targets (Javaheri et al., 2016) . T4SS-associated surface factors also can act negatively, as evidenced by the surface exclusion protein TraT, the first-described surface-exposed lipoprotein in E. coli, which blocks nonproductive donor-donor contacts through binding of F pili or OmpA (Manning et al., 1980; Harrison, et al.,1992; Garcillan-Barcia and de la Cruz, 2008) . It is also noteworthy that most or all conjugation machines in Gram-negative species elaborate conjugative pili, yet it remains unknown if this paradigm extends to members of the other large T4SS subfamily, the effector translocators. Indeed, to date, the H. pylori Cag system is the only member of the effector translocator subfamily shown to elaborate pili, even though nearly all of these systems encode TraC-like adhesins and pilins (Rohde et al., 2003; Alvarez-Martinez and Christie, 2009; Johnson et al., 2014) . The deployment of TraC-or Pep-like adhesins or even pilin subunits on the cell surface might represent a general alternative strategy to pilus production for T4SS-mediated binding to eukaryotic target cells. The distribution, export mechanisms, spatial organizations and functions of T4SS-associated surface proteins remain fascinating topics for future studies.
Experimental procedures
Bacterial strains and growth conditions
Bacterial strains used in this study are listed in Table  S1 . E. coli strains were grown at 37°C with shaking in Lysogeny Broth (LB) or in M9 minimal media (1× M9 salts (Sigma-Aldrich), 1% glycerol, 0.3 mM Leu, 1 mM MgCl 2 , 0.1 mM CaCl 2 ). Plasmids were maintained by selection with the following antibiotics with concentrations in parantheses: carbenicillin (50 μg ml ). P. aeruginosa was grown at 37°C with shaking in LB broth without antibiotics.
Plasmids
Plasmids and primers used to generate new plasmids by cloning or inverse PCR are listed in Tables S2 and S3 , and constructions are described in the supplementary file.
Conjugation assay
Escherichia coli DH5α donor strains were grown overnight with antibiotic selection, diluted 100-fold in LB broth without antibiotics and incubated for 1.25 h. When necessary, sodium salicylate (2 μM), IPTG (100 mM), or arabinose (0.2 % final vol) was added for induction of gene expression, and cells were incubated for an additional 1.25 h. Donors and recipients were mixed in a 1:1 ratio, and allowed to mate in liquid or on sterile nitrocellulose filters on LB plates. For extracellular complementation assays, donor, helper and recipient cells were mixed in a 1:1:1 ratio and the mating mix was spotted onto filters on LB plates. Liquid and filter matings were carried out at 37 o C for 2 h unless specified otherwise. Filters were resuspended in fresh LB broth and serial dilutions were plated on LB plates containing antibiotics selective for donors, recipients, or transconjugants. 
Phage infection assay
Escherichia coli DH5α cells carrying the indicated plasmids were grown overnight with antibiotic selection, diluted 100-fold in LB broth without antibiotics, and incubated for 1 h at 37°C. As appropriate, cells were incubated for 1 h in the presence of inducers. Fifty microliters of cells at a concentration of ~10 8 ml −1 were spread on an LB plate and allowed to dry. Five microliters of IKe or PRD1 (~10 6 pfu, final concentration) was spotted onto the lawns of cells, and plates were incubated overnight at 37°C (Gordon et al., 2017) .
Type VI secretion system mediated killing assay
Overnight cultures of E. coli and P. aeruginosa PAO1retS were washed in fresh LB, diluted 100-fold without antibiotics and incubated with or without induction of traC and/or pep genes for 3 h. Cells were pelleted by centrifugation, and normalized to an OD 600 of 10. Cell suspensions were mixed at a 1:3 ratio, spotted onto sterile filters on LB plates and incubated for 3 h. Filters were then resuspended in 1 ml of LB, and serial dilutions were spotted onto plates containing spectinomycin (300 μg/ml) and rifampicin (100 μg/ml) to select for growth of E. coli. T6SS activation efficiency was defined as the Log 10 of surviving colony forming units (CFU) of a given prey strain (Ho et al., 2013; Gordon et al., 2017) .
Chemical crosslinking
Overnight cultures were diluted 100-fold in LB without antibiotics. Cultures were grown at 37°C to an OD 600 of ~0.5 and then for an additional 1 h in the presence or absence of salicylate inducer. Cells were washed twice with PBS and resuspended in 1ml of the same buffer followed by addition of bis (sulfosuccinimidyl) suberate (BS 3 ) to a final concentration of 1 mM. The suspension was incubated for 30 min at room temperature with shaking, followed by addition of 1M Tris-Cl (pH 6.8) to stop the reaction. Cells were pelleted by centrifugation and washed two times with Tris EDTA (TE) buffer. Cells were physically disrupted using a Bead Beater (FastPrep-24™, MP biomedicals, USA) 6 m/s speed for 45 s (5 cycles). Beads were removed by centrifugation at 5000×g for 30 s and cell extracts were incubated with an equal volume of detergent buffer (3% Triton X-100, 100 mM Tris, 600 mM NaCl, 2 mM EDTA) with mild shaking at 25°C for 1 h. Escherichia coli lysates were clarified by centrifugation at 100,000 × g for 30 min.
Cysteine cross-linking
Escherichia coli strains producing native or Cys-substituted variants of TraC ST and Pep FL were used to assay for formation of intermolecular disulfide crosslinks, as described previously . Briefly, overnight cultures were grown with antibiotic selection at 37°C and diluted 100-fold in LB broth without antibiotics. Cells were grown to an OD 600 of ~0.5 and induced with salicylate (2 μM) for 1 h with shaking at 37°C. To ensure that the disulfide bridges detected in these studies were formed in vivo, N-ethylmaleimide, a thiol-alkylating agent that blocks free sulfhydryl groups and prevents the formation of disulfide bonds, was routinely added at a final concentration of 10 mM to cultures immediately prior to cell pelleting. Cells were lysed by physical disruption as described above and disulfide-crosslinked TraC and Pep complexes were recovered by affinity pull-down (see below). Recovered material was analyzed by electrophoresis through nonreducing SDS-(10%) polyacrylamide gels.
Recovery of surface-associated TraC ST and Pep FL complexes
Material associated with the E. coli cell surface was extracted by mechanical shearing (Kerr and Christie, 2010) . Briefly, cells induced for production of TraC ST and Pep FL as described above were directly pelleted or treated with the BS 3 crosslinker and then centrifuged at 14,000 × g for 30 min. Cell pellets were resuspended in 1 ml PBS and the suspension was passed three times through a 25-gauge needle. Intact cells were separated from extracellular material by centrifugation at 14,000 × g for 30 min. The shearate fraction was analyzed directly or subjected to affinity pulldown for enrichment of TraC ST and Pep FL complexes.
Affinity enrichments
Pull-down assays were performed using magnetic beads according to the manufacturer's protocols. Briefly, E. coli cell lysates or sheared extracellular material were mixed with 30 μl of anti-FLAG (Sigma), or MagStrep 'type3' XT (IBA) magnetic beads and incubated overnight at 4°C. Reactions were then placed in the magnetic separator and beads were washed five times with buffer A (50 mM Tris at pH 8, 250 mM NaCl, 1 mM EDTA). Proteins were recovered by addition of 30 μl of Laemmli buffer and boiling for 5 min. Alternatively, anti-FLAG beads were incubated with a 3X FLAG peptide (DYKDDDDK) for 30 min at 25°C and MagStrep beads were incubated with desthiobiotin, beads were removed, and the remaining material was analyzed by SDS-PAGE.
Protein detection
Proteins recovered from pull-down assays were detected by SDS-PAGE and immunostaining of proteins transferred to nitrocellulose membranes using primary antibodies against the FLAG (Sigma) or Strep (Genscript)-tags, or against the BamA, BamA POTRA domains, BamC, OmpA and RcsF proteins (kindly provided by T. Silhavy). Proteins were analyzed on a per cell-equivalent basis using the β subunit of RNA polymerase (BioLegend) as a loading control. Primary antibodies were reacted with horseradish peroxidase (HRP)-conjugated secondary antibodies followed by chemiluminescence.
Surface dot blot assay
Surface-exposed proteins were detected using colony immunoblot assays as described previously with minor modifications (Jakubowski et al., 2009; Konovalova et al., 2014) . Overnight cultures were grown with antibiotic selection, diluted 100-fold in LB without antibiotics, grown for 1.25 h and induced with sodium salicylate (2 μM) for another 1.25 h with shaking at 37°C. Strains were concentrated to OD 600 = 1 in PBS (Na 2 HPO 4 , 10 mM; KH 2 PO4, 1.8 mM; KCl, 2.7 mM; NaCl, 137 mM; pH 7.4), and 2 μl of cultures were spotted onto nitrocellulose membranes and either immunostained either directly or following a 2 h incubation period at 37°C. Membranes were blocked with 2% (wt/vol) nonfat dried milk in PBS for 30 min at room temperature (RT) and probed with the indicated antibodies for 1 h at RT. Membranes were washed five times with PBS and probed with secondary antibodies for 1 h at RT.
Cysteine accessibility
Cysteine accessibility experiments were performed on whole cells as described previously, with minor modifications. Cultures (20 ml) of E. coli strains were induced with sodium salicylate (2 μM) for synthesis of native or Cyssubstituted TraC or Pep variants for 1.25 h. Cells were harvested and resuspended in buffer A (100 mM Hepes (pH7.5), 150 mM NaCl, 25 mM MgCl 2 ) to a final A 600 nm of 12 in 500 μl of buffer A. Bovine serum albumin (BSA)-coupled maleimide (Sigma-Aldrich) was added to a final concentration of 100 mM (from a 20 mM stock freshly dissolved in DMSO) and the cells were incubated for 30 min at 25°C. β-Mercaptoethanol (20 mM final concentration) was added to quench the biotinylation reaction, and cells were washed twice in buffer A prior to resuspension in buffer A supplemented with N-ethyl maleimide (final concentration 5 mM) to block free sulfhydryl residues. After incubation for 20 min at 25°C, cells were disrupted by sonication. Membranes recovered by ultracentrifugation at 100,000×g for 40 min were resuspended in Laemmli buffer before SDS-PAGE analysis and immunodetection with anti-Flag or anti-Strep antibodies for detection of Pep FL or TraC ST , respectively. The assay was performed in triplicate from three independent cultures, and a representative experiment is shown.
In vivo Site-directed Photocrosslinking
Escherichia coli strain Top10 carrying pEVOL was transformed with plasmids encoding the amber-substituted TraC ST variants produced from the P lac promoter. Strains were cultured overnight in 100 ml M9 minimal medium (see above) at 37°C with shaking with appropriate antibiotics. Cells were pelleted by centrifugation, diluted into 500 ml of M9 minimal medium and grown to an OD 600 = 0.5 at 37°C with shaking. Cells were pelleted and resuspended in 5 ml of M9 media supplemented with 1 mM pBPA, 0.1% arabinose for induction of aaRS on pEVOL and 1 mM IPTG for induction of the traC ST variants. Cells were incubated for 2 h at 37°C with shaking, pelleted and resuspended in 5 ml PBS. Cells were transferred to a petri dish (60 × 15 mm) and irradiated with UV (365 nm) at a distance of 3-4 cm for 15 min at 4°C. Cells were then pelleted and lysed as described above for chemical crosslinking. Cell debris was removed by low-speed centrifugation (13,000×g) and membranes were harvested by ultracentrifugation (100,000×g). Isolated membranes were analyzed by SDS-PAGE and immunostaining of blots for TraC ST and BamA.
Immunofluoresecence microscopy and 3D-SIM
Overnight cultures grown under appropriate antibiotic selection were diluted 1:100 in fresh LB and incubated with shaking at 37°C to an OD 600 = 0.5. Cultures were adjusted to a uniform OD 600 = 0.025 in fresh medium and grown for 1.25 h with or without addition of salicylic acid (10 μM) for induction of traC ST or pep FL . Cells were fixed with 2% paraformaldehyde/2.5% glutaraldehyde solution (Sigma) for 30 min on ice. Fixed cells were washed extensively and incubated in 1 ml of PBS/2% BSA for 1 h at RT. After blocking, cells were again washed three times and incubated with anti-FLAG or anti-Strep monoclonal antibodies (Sigma) at 1/2500 dilution in PBS/2% BSA overnight at 4°C, and then with Alexa Fluor 488 anti-mouse or Alexa Fluor 594 anti-rabbit secondary antibody at 1/200 dilution (Molecular Probes) for 1 h in the dark at room temperature. Washed cells were treated on ice with Hoescht 3322 (Invitrogen) to label DNA for 15 min in the dark. Samples were mounted with Prolong Gold Antifade reagent (Invitrogen) on standard microscope slides and cured for 24 h at RT prior to visualization. Images were obtained on an Olympus IX81-ZDC inverted microscope with zero drift compensation and spinning disk confocal imaging system and a Hamamatsu Image EM EMCCD high speed camera, equipped with Slidebook imaging software. Background fluorescence was subtracted from each image using ImageJ Background Subtraction with a 50.0 pixel rolling ball radius. For 3D-SIM, cells were adhered to poly-lysine coated coverslips and inverted onto a drop of either ProLong Gold (Life Technologies) or Vectashield mounting medium (Vector Laboratories). High-resolution (3D-SIM) localization patterns of TraC ST and Pep FL were obtained using a Nikon TiE with A1Rsi Confocal with ER (Enhanced Resolution Module), nSIM and nSTORM 4.0 capability. Cells were imaged with a high power resistant lens (CFI HP APO TIRF 100x Oil; NA 1.49, .12 mm working distance). A custom laser launch, called the LUNV, included a 405/440/488/514/561/647 nm laser selection. Threedimensional views were reconstructed using the softWoRx software (Applied Precision).
LC/MS/MS analysis
BS
3 crosslinked protein species were resolved by SDS-PAGE, visualized by Coomassie staining and were subjected to in-gel peptide digestion. Slices were diced into 1-mm cubes, dehydrated in acetonitrile, washed extensively and subjected to thiol reduction by Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and alkylation with iodoacetamide. Samples digested overnight with trypsin endoproteinase (Shevchenko et al., 2001 ). An aliquot of the tryptic digest (in 2 % acetonitrile/0.1% formic acid in water) was analyzed by LC/MS/MS on an Orbitrap Fusion TM Tribrid TM mass spectrometer (Thermo Scientific TM ) interfaced with a Dionex UltiMate 3000 Binary RSLCnano System. Peptides were separated onto a Acclaim TM PepMap TM C 18 column (75 m ID × 15 cm, 2 m) at flow rate of 300 nl/min. Gradient conditions were: 3%-22% B for 40 min; 22%-35% B for 10 min; 35%-90% B for 10 min; 90% B held for 10 min,(solvent A, 0.1% formic acid in water; solvent B, 0.1% formic acid in acetonitrile). The peptides were analyzed using data-dependent acquisition method, Orbitrap Fusion was operated with measurement of FTMS1 at resolutions 120,000 FWHM, scan range 350-1500 m/z, AGC target 2E5 and maximum injection time of 50 ms. During a maximum three second cycle time, the ITMS2 spectra were collected at rapid scan rate mode, with CID NCE 35, 1.6 m/z isolation window, AGC target 1E4, maximum injection time of 35 ms and dynamic exclusion was employed for 60 s. The raw data files were processed using Thermo Scientific TM Proteome Discoverer TM software version 1.4, spectra were searched against the NCBI bacterial database using the Mascot search engine v2.3.02(Matrix Science) run on an in-house server. Search results were trimmed to a 1% FDR using Percolator. For the trypsin, up to two missed cleavages were allowed. MS tolerance was set 10 ppm; MS/MS tolerance 0.8 Da. Carbamidomethylation on cysteine residues was used as fixed modification; oxidation of methionine as well as phosphorylation of serine, threonine and tyrosine was set as variable modifications.
